The yeast-like fungus, Aureobasidium pullulans (de Bary) Arnaud, is one of the most widespread and well-adapted saprophytes in the phyllosphere and carposphere (3, 28) . Some A. pullulans isolates showed antagonistic activity against a number of phytopathogenic fungi (2, 4, 7, 19) and were considered as possible biocontrol agents of postharvest diseases (20, 30) . The strain L47 of A. pullulans (CBS strain number 351.96, Utrecht, The Netherlands) was isolated in Southern Italy from the carposphere of table grape berries and was successfully applied to control some postharvest diseases of different fruits and vegetables in southern Italy and Israel. L47 provided high protection levels against Penicillium digitatum on grapefruit, Botrytis cinerea, Aspergillus niger and Rhizopus stolonifer on table grape, B. cinerea and Monilia laxa on sweet cherry, and B. cinerea on kiwifruit, cherry tomato, apples, and strawberries (15, 17, 22, 27) . The antagonistic activity involves competition for nutrients and space and production of hydrolytic enzymes (15) . A. pullulans is also reported as endophyte and has been isolated from the flesh of ripe sweet cherries (25) , but no specific information is available for L47. Treatments with L47 applied before harvest may protect fruits during ripening, storage, and trade since infection by postharvest pathogens often occurs in the field (16) . However, applications require specific monitoring strategies for the careful evaluation of the antagonist's ability to colonize fruits either externally or internally, tolerate climate changes, and be active against target pathogens. The risks for the environment need to be evaluated and compared with the benefits of the biocontrol activity (12) .
Viable cell count is the most frequently used method for monitoring and counting microbial antagonists. These are identified morphologically and reported as CFU per unit area or weight (8) . However, this method does not permit any distinction between introduced and indigenous strains (21) , this limitation being particularly relevant for A. pullulans, due to its wide distribution in the phyllosphere and to its high genetic variability (6, 13, 27, 32, 33) .
The use of molecular markers to distinguish A. pullulans strains at the DNA level offers much promise for the rapid identification and quantification of specific fungal strains in the field. An arbitrarily primed polymerase chain reaction (ap-PCR) method had been used to generate random amplified polymorphic DNA (RAPD) markers for the specific identification of L47 (27) .
In the present work, a number of different isolates of A. pullulans, including L47, were analyzed by means of RAPD to assess their genetic variability and to produce L47-specific molecular reagents. Sequencing of L47-specific DNA fragments allowed the generation of a riboprobe and the synthesis of pairs of sequencecharacterized amplified region (SCAR) primers to monitor the antagonist after field application. One of the SCAR primers was also modified to obtain a Scorpion primer (29) that was used in an automated PCR-based assay for real-time identification of amplified DNA through the emission of a hybridization-specific fluorescent signal. This primer was applied to the detection of L47 in the washings of grape berries as well as in the mesocarp of sweet cherry fruits treated in the field. The latter evidence also demonstrates the ability of L47 to penetrate fruit epidermis.
MATERIALS AND METHODS
Fungal isolates. The field isolates of A. pullulans used in this study (Table 1) were obtained from hosts collected in southern Italy, including the area of Rutigliano (Bari), from which strain L47 was isolated in 1992. These plants did not receive any treatment with L47 strain. Two isolates from apple were obtained from C. L. Wilson, (USDA ARS, Appalachian Fruit Research Station, Kearneysville, WV). All the isolates were stored at -80°C in fruit surface washings with 15% glycerol, or kept on potato dextrose agar (PDA) at 4°C for short-term storage.
Fungal DNA extraction and RAPD analysis. Total DNA was extracted from all A. pullulans isolates according to Hoffman and Winston (14) with minor modifications. A portion of an actively growing colony on PDA was suspended in 100 µl of lysis buffer (10 mM Tris-HCl [pH 8], containing 2% Triton X-100, 1% sodium dodecyl sulfate (SDS), 100 mM NaCl, 1 mM EDTA) and phenol extracted with one volume of phenol/chloroform/isoamyl alcohol (25:24:1), in the presence of 0.3 g of acid-washed glass The strain L47 of Aureobasidium pullulans is an effective biocontrol agent of postharvest diseases. When applied in the field before harvesting it requires a specific monitoring method to evaluate colonization and dispersal in the environment. The randomly amplified polymorphic DNA technique (RAPD) was used for a preliminary screening of A. pullulans genetic variability among 205 isolates. This approach allowed the selection of a 1.3-kb fragment (L4) present solely in isolates L47 and 633. In Southern blots, a digoxigenin (DIG)-labeled L4 amplicon specifically recognized the corresponding fragment present in the polymorphic pattern of L47 and 633. The L4 fragment was cloned, sequenced, and used to design two sequencecharacterized amplification region (SCAR) primers and a 242-bp riboprobe. Both the SCAR primers and the 242-bp DIG-labeled riboprobe were highly specific for L47. In classical polymerase chain reaction (PCR), with a series of 10-fold dilutions of L47 DNA, the limit of detection was 20 pg/µl. The Ap13 primer was also modified to obtain a Scorpion primer for detecting a 150-bp amplicon by fluorescence emitted from a fluorophore through a self-probing PCR assay. This assay specifically recognized the target sequence of L47 strain over a number of other A. pullulans isolates in field-treated grape berry washings. The limit of detection was 10 5 cells per ml, i.e. 10 times higher than the limit of the CFU method. The method is also proposed as a way to demonstrate the ability of L47 strain to penetrate the epidermis of sweet cherry fruits and to track it in the mesocarp.
beads (425 to 600 µm diameter). Tubes were vortexed for 5 min, and centrifuged at 13,000 × g for 5 min at room temperature. Amplicons were analyzed by electrophoresis in 2% agarose gels in Tris-borate-EDTA (TBE) buffer (24) and visualized by staining with ethidium bromide.
Isolation, cloning, and sequencing of selected RAPD fragments. Two DNA fragments (denoted L1 and L4) were selected from the polymorphic pattern yielded by L47 with primer OpC-08. RAPD-PCR was done with the PCR digoxigenin (DIG) probe synthesis kit (Roche Molecular Biochemicals, Indianapolis, IN) according to the manufacturer's instructions, to use these fragments as probes for Southern hybridization. DIGlabeled fragments were size fractionated in 2% agarose gel, stained with ethidium bromide, excised from the gel, and eluted using the Jet quick gel extraction spin kit (Genomed Inc., Research Triangle Park, NC). Amplicons obtained with primer OpC-08 from total DNA of all A. pullulans isolates and from strain L47 (positive control) were used as targets. After electrophoresis, the gel was incubated in 1.5 M NaCl and 500 mM NaOH for 30 min, neutralized in 3 M NaCl and 500 mM Tris-HCl (pH 7), and blotted onto an Immobilon-Ny+ membrane (Millipore, Bedford, MA) according to the manufacturer's protocol.
Membranes were hybridized at 55°C overnight in DIG Easy Hyb Granules solution (Roche Molecular Biochemicals) containing 200 -ng of DIG-labeled probe per ml. After hybridization, the excess of probe was washed out and hybrid molecules were detected with the DIG Luminescent Detection Kit (Roche Molecular Biochemicals) according to the manufacturer.
The eluted fragments were ligated to the pGEM-T vector (Promega Corp., Madison, WI) according to the manufacturer's protocol, and the recombinant plasmids were used to transform Escherichia coli, strain DH5α. DNA from recombinant plasmids was sequenced using the Thermo Sequenase cycle sequencing kit (Amersham Pharmacia Biotech AB, Uppsala, Sweden). When necessary, internal synthetic primers were designed and used for sequencing with the chain termination method (24) .
Synthesis and specificity of riboprobes. DIG-labeled riboprobes were synthesized from plasmid pGEM-Ap.4 containing the L4 fragment, linearized at EcoRI, ClaI, SacII and SacI sites to generate transcripts of different length. In vitro transcriptions were carried out with the DIG-ribonucleic acid (RNA) labeling kit (SP6/T7) (Roche Molecular Biochemicals).
The specificity of the riboprobes was assessed on total DNA extracted from all isolates of A. pullulans and six isolates of epiphytic yeasts belonging to the genera Pichia spp., Metschnikowia spp., and Candida spp. obtained from the carposphere of table grape, sweet cherry, and strawberry. For each isolate, a loop of cells taken from colonies actively growing on malt extract agar was homogenized for 2 to 3 min with an Eppendorf grinder in the presence of 30 µl of 0.5 M NaOH and centrifuged at 13,000 × g for 5 min. Aliquots of 5 µl of the supernatant were blotted onto Nylon membranes and hybridized with the DIGlabeled riboprobes as described before.
SCAR-PCR and Scorpion-PCR. SCAR primers Ap13 and Ap14 (patenting in progress) were designed from a 242-bp DNA fragment sequence and tested against 108 different isolates of A. pullulans. Total DNA, extracted as described before, was used to prepare 12 sample pools, each containing the DNA extracted from nine different isolates. DNA extracted from L47 (positive controls) or water (negative controls) was added to subsamples from each pool. DNA extracted from a pure culture of the strain L47 was used as additional control. The reaction mixture for the SCAR-PCR assay consisted of approximately 20 ng of genomic DNA (1.25 µl), 10 mM TrisHCl (pH 8.8), 50 mM KCl, 100 µM each of dATP, dCTP, dGTP, and dTTP, 1.2 mM MgCl 2 , two units of Taq polymerase, (DyNAzyme II DNA polymerase), and 500 nM primers in a total volume of 50 µl. The reaction mixtures were incubated at 94°C for 5 min, then subjected to 30 amplification cycles, each consisting of 30 s at 94°C, and 30 s at 53°C, and 1 min at 72°C, with a final 10 min incubation at 72°C. Seven microliters of each sample was analyzed by agarose gel electrophoresis and stained with ethidium bromide.
The Ap13 primer was modified according to Whitcombe et al. (29) to obtain a Scorpion primer (Ap13 Scorpion) for amplicon detection by fluorescence emitted from a fluorophore through a self-probing reaction. The specificity of the Ap13 Scorpion was tested against the same group of sample pools and with the same reaction components described above with the exception that primer Ap13 was substituted by the Ap13 Scorpion. Reactions were performed in sealed tubes in 96-well microtiter plates (Bio-Rad, Hercules, CA) and fluorescence was monitored using a spectrofluorometric thermal cycler (BioRad iCycler Thermal Cycler) for real-time data collection during annealing-extension. The reaction consisted of an initial denaturing step at 94°C for 5 min followed by 40 cycles, each consisting of 45 s at 94°C and 45 s at 60°C. To confirm the amplification of the specific fragment of the expected size, 7 µl of each sample was analyzed by agarose gel electrophoresis and ethidium bromide staining.
To compare the sensitivity of the SCAR-PCR with that of Scorpion-PCR, total DNA was extracted from a pure culture of L47 and serially diluted in the reaction mixture to the final concentrations of 20, 2, 0.2, 0.02, and 0.002 ng/µl. Water was used 
The remaining washings were centrifuged at 15,000 × g for 30 min, the pellet was resuspended in 1 ml of water, transferred into a fresh tube, and centrifuged at 13,000 × g for 5 min. The aqueous phase was discarded and the pellet was used to extract total DNA as described above, including a final purification step by chromatography on Sepharose CL-6B (Amersham Pharmacia Biotech), according to the manufacturer. Scorpion-PCR was carried out as described above with 1.25 µl of template DNA.
Detection of L47 in the mesocarp of sweet cherry fruits. A cell suspension of strain L47 (10 8 
were collected from each of treated and untreated plants 45 days after the treatment. They were surface-sterilized by dipping for 3 min in a solution containing 3% Na-hypochloride and 1% Tween 80, rinsed twice with sterile distilled water and allowed to dry in a sterile chamber. Four small disks of tissue were removed from each fruit and placed cut surface down on PDA. From each fruit, an additional disk of tissue, placed on the media from the side of intact epidermis, was used as a negative control. After 7 days of incubation at 24°C, all endophytes showing the morphological characters of A. pullulans were triple streaked on PDA to obtain single spore colonies. Fifty individual colonies from both treated and untreated sweet cherry fruits were randomly picked up and analyzed by means of Scorpion-PCR as previously described to specifically identify L47 colonies.
RESULTS
Identification of L47-specific RAPD markers. The genetic characterization of 205 different isolates of A. pullulans by RAPD showed a high polymorphism in the natural epiphytic population of the fungus. Electrophoretic patterns were complex, with one to eight bands comprised between 2.5 and 0.4 kb. The OpC-08 primer gave band patterns less complex than those generated by primers OpC-05 and OpD-20. With primer OpC-08, L47 yielded four major fragments of approximately 2.1, 1.3, 1.1, and 0.96 kb (Fig. 1) . The fragment of 1.3 kb (denoted L4) was present only in the band pattern of isolates L47 and 633, while fragments of 2.1, 1.1, and 0.96 kb were irregularly present in other isolates (Fig.  1 ), thus were no longer considered. These band patterns were reproduced in three separate experiments with different DNA preparations. In Southern blot analysis, the DIG-labeled L4 amplicon hybridized specifically only the corresponding fragment of isolates L47 and 633 (Fig. 2B) . The nucleotide sequence of fragment L4 did not show appreciable similarity with any other sequence in the sequence database.
Specificity of the RNA probes. In vitro transcription of the L4 fragment from pGEM-Ap.4 clone cut at ClaI, EcoRI, and SacII sites produced transcripts of approximately 1,280, 417, and 242 bp and of 863, 621, and 201 bp depending on the promoter (T7 or SP6) used in the reaction (Fig. 3) . In dot blot hybridization, the 242-bp fragment clearly recognized DNA extracted from L47 and 633 and produced a faint signal only with DNA of isolate 265 (not shown). The other riboprobes recognized all the analyzed A. pullulans isolates, while none of the riboprobes hybridized DNA extracted from epiphytic yeasts. 
Identification of L47 by SCAR-PCR and Scorpion-PCR.
The sample pools of total DNA extracted from 108 isolates of A. pullulans primed with SCAR primers Ap13 and Ap14 produced an amplicon of approximately 150 bp (SCAR marker) either when DNA from L47 was added to the reaction mixture or when the pool comprised isolate 633 (not shown). The sensitivity limit of this method using the series of 10-fold dilutions of L47 DNA was 20 pg/µl. In Southern blot, the SCAR marker was recognized by the 242-bp riboprobe transcribed from the clone of the L4 fragment.
The same pools primed with Ap13 Scorpion in real-time assay yielded a significant fluorescence increase only when DNA from L47 was included in the mixture (Fig.  4) . The cycle threshold (Ct) (i.e., the PCR cycle number at which the fluorescence signal rises above background) of different sample pools was comprised between 20 and 21.
In the 10-fold dilutions series of L47 DNA, distinct fluorescent signals were generated by the Ap13 Scorpion for up to 20 pg/µl concentration of the L47 DNA stock. The Ct of the different samples was 18, 22, 27, and 30 for 20, 2, 0.2, and 0.02 ng/µl of L47 DNA concentration, respectively (Fig. 5A) . Agarose gel electrophoresis analysis and ethidium bromide staining of the Scorpion-PCR products showed that fluorescence signals correlated positively with the presence of an amplified product of approximately 150 bp in the corresponding sample (Fig. 5B) .
Detection of the strain L47 colonizing the surface of 6A ). L47 applied at 10 4 cells per ml remained below the detection limit as the control (untreated berries). For washings obtained from the pools of grape berries maintained in the field for 3 weeks after treatment and kept at 0°C for an additional period of 2 weeks, Ct shifted to 24th cycle for L47 applied at the highest concentration (10 8 cells per ml). Also in this case the limit of detection was 10 5 cells per ml (Fig. 7A) .
A positive correlation was found between these results and the amount of A. pullulans estimated as CFU per berry. However, unlike the Scorpion-PCR, the values obtained for untreated grapes were not significantly different from those obtained for L47 applied at a concentration of 10 5 cells per ml (Fig. 8) . In the samples that received 10 6 cells per ml, the values became significantly different from controls. The increase observed with samples tested 2 h after the treatment was probably due to the treatment itself whereas the increase after field and cold storage was in agreement with previous observations (27) .
Detection of L47 in the mesocarp of sweet cherry fruits. Fruits treated at the bloom contained an endophytic population of A. pullulans that was three times higher than that of untreated control. On average, 34% of 50 colonies obtained from treated fruits were morphologically identified as A. pullulans, whereas the fungus was identified in only 11% of 50 colonies grown from untreated controls. In real-time assay, approximately 88% of the A. pullulans isolates obtained from treated fruits proved to be L47 as distinct fluorescent signals (Ct ≅ 20) were generated by the Ap13 Scorpion primer specific for this strain. None of the isolates obtained from untreated fruits primed with Ap13 Scorpion yielded any significant increase of fluorescence (not shown).
DISCUSSION
Public concern about fungicide residues on fruits and vegetables has led to a progressive increase of interest in alternative strategies for the control of postharvest diseases. Biological control by means of microorganisms that naturally occur on crops looks promising provided that the biocontrol agent is carefully selected and characterized, potential hazards for human health are fully assessed, and its identification is made possible. The potential of strain L47 of A. pullulans in biocontrol strategies of postharvest rots caused by plant pathogenic fungi is a case in point, raising the need for feasible and reliable diagnostic tests that can discriminate between this particular strain and other closely related isolates. Since identification based on morphology is no longer possible, we pursued the development of molecular diagnostic tests for the specific identification of the strain L47 of A. pullulans.
Arbitrarily primed PCR is a valid procedure to generate diagnostic fragments for pathogenic and nonpathogenic fungi (1, 5, 11, 23) . Depending on the primers used and on the reaction condition, random amplification of fungal genomes produces genetic polymorphisms specific at the genus, species, or strain levels, and permits the generation of specific probes and SCAR primers.
The analysis of 205 isolates of A. pullulans by RAPD-PCR with the universal primer OpC-08 enabled the identification of a 1.3-kb fragment (denoted L4), only present in the polymorphic pattern of isolates L47 and 633. This fragment was cloned, its nucleotide sequence determined, and used as starting information to generate diagnostic tools that proved useful for monitoring L47 after release in the field with preharvest treatments. A riboprobe of 242 bp was synthesized by T7 RNA polymerase from the clone containing the L4 fragment cut at the EcoRI site. In dot blot hybridization, this probe recognized specifically L47 among a number of other isolates of A. pullulans and it appears to be suited for large-scale screenings.
The SCAR primers (Ap13 and Ap14) consistently amplified a SCAR marker of approximately 150 bp from the genome of strain L47 up to the limit of 20 pg/µl. This specificity was retained when L47 was searched for in mixtures containing a large excess of other A. pullulans isolates.
In addition to developing classical PCR, we adapted one of the SCAR primers for use with a tailed 5´-FAM-labeled oligonucleotide self-probing sequence in a fluorogenic Scorpion-PCR assay. The Scorpion-PCR assay combines the sensitivity of classical PCR with the generation of a specific fluorescence signal only when the probe forms a stable hybrid with the complementary internal sequence of the amplicon. Amplicons do not need to be identified with agarose gel electrophoresis and Southern blot, thus simplifying the detection protocol. Scorpion-PCR as well as other fluorogenic systems for real-time amplicon detection is advantageous for quantitative analysis and multiple detection of different microorganisms in the same reaction using different fluorophore/probe combinations. Scorpion-PCR has been successfully applied to the identification of plant viruses (9, 10) and Phytophthora nicotianae (18) .
The Scorpion-PCR was applied to the real-time identification of L47 in washings of grape berries that had been treated in the field with different amounts of the antagonist. The assay yielded comparable results either with washings obtained soon after the treatment or when the berries had been exposed to field conditions for 3 weeks, harvested, and kept at 0°C for an additional period of 2 weeks. In both cases molecular detection was 10 times more sensitive than CFU method with a detection limit of 10 5 cells per ml and results were obtained in a few hours instead of the 3 to 4 days necessary for the traditional detection. Furthermore, unlike the PCR-based technique, CFU method was ineffective in differentiating strain L47 from other strains with similar morphology. In the present work, combining a quick protocol to extract DNA from the carposphere with the real-time analysis, we achieved a considerable reduction of time and costs and developed a method suitable for large-scale analysis.
By using the Scorpion-PCR and a conventional method to isolate endophytes, it was also possible to demonstrate that L47 was able to penetrate the flesh of sweet cherry fruits when applied at the bloom. The ability to grow in the mesocarp of sweet cherry seems to be an interesting feature of this strain. This would enable the antagonist to survive under adverse environmental conditions protected by the host tissue. Consequently, they may exert their activity during fruit growth and be active against pathogens as soon as conditions become favorable for the infection. Additional research is needed to find out if L47 will be able to penetrate and survive in the mesocarp of other plant species.
Little is known about the genome or gene structure in A. pullulans, including strain L47. The short L4 fragment that we have sequenced did not show any similarity with other sequences deposited in databases. Nevertheless, we developed three types of diagnostic tools (riboprobe, SCAR primers, and Scorpion-PCR) that can be flexibly applied to different situations depending on the degree of confidence requested in the identification. All diagnostics recognized isolate 633 obtained from table grape as L47. Nothing is known of 633; its frequency in natural population of table berries seems below the limit of detection of Scorpion-PCR in washings (10 5 cells per ml applied in the field) and similar isolates were not found in natural population of sweet cherries. Furthermore, strain L47 and isolate 633 are still distinguishable by RAPD (Fig. 1) .
The diagnostic tools developed may have great practical importance. The application of biocontrol agents before harvest appears to be an important progress compared to postharvest treatments, which cannot control previously established infections (16) . At present, biological control efficiency is usually lower than that obtainable with chemical control. However, a better understanding of the ecology of field-applied antagonists may lead to an optimization of formulations, and time and mode of application, with beneficial effects on the level of protection obtainable (16, 26, 31) . Finally, as shown, the use of specific molecular markers will allow new insights in the ecology of strain L47 (e.g., mode of spread, survival during unfavorable seasons, ability to colonize fruits depending on the growing/ripening stage, influence of chemicals on the population of the antagonist, etc.). All this may be key data to obtain a higher level of protection against postharvest rots. Monitoring of L47 by Scorpionpolymerase chain reaction and real-time data collection, A, in washings of table grape berry treated as described in Figure 6 . After the treatment, the bunches were maintained in the field for 3 weeks and harvested and stored at 0°C for 2 weeks. Amplicons generated during the reactions are shown in B. Fragment sizes in bp. M = pUC19 DNA/MspI (HpaII) marker (MBI Fermentas).
Fig. 8.
Monitoring of the population of Aureobasidium pullulans by the viable cells count method in washings of table grape berry treated as described in Figure 7 . Washings were obtained 2 h after the treatment or after 5 weeks as described in Figure 7 . For each assessment time, columns with the same letter are not significantly different (P ≤ 0.01), according to Duncan's multiple range test.
